Abstract
Introduction 1 2
Girdling is widely used for grapevines (Sidlowski et al., 1971 ; Yamane and Shibayama, produced more callus and the wound healed more rapidly at 25°C than at 20°C, whereas no 5 callus was formed at 15°C. In peaches and nectarines, the degree of callusing has been 6 observed to depend on the width of the girdle and the cultivars used (Fernandez-Escobar et al., 
11
To establish an appropriate method of treatment, determining the regeneration of vascular 12 bundles and the healing process of wounds caused by these surgical treatments is important.
13
However, detailed anatomical study on callus formation and differentiation of the vascular 14 bundle is not yet fully understood.
15
In this paper, we explored the anatomical healing process of the wounds of the branches of 16 the Japanese persimmon that were caused by general girdling, single/double scoring using a 17 knife, and strangulation with wire. The treatments performed were as follows: (1) Girdling was performed with knife on May longitudinal sections on a sliding microtome (Yamato Kohki Industry Co., Ltd., Japan). The 8 sections were stained with safranin and fast green, and permanent mounts were prepared.
9
All the sections were observed under a light microscope (Olympus DX-50; Olympus,
10
Tokyo, Japan) and stereomicroscope (Olympus SZX12; Tokyo); the digital images were then 11 captured using a digital microscope camera (Olympus DP-12; Tokyo). (Fig. 2) . The girdled area was swollen due to the callus.
5
At 3 WAT, microscopic examination showed that the callus pad comprised 2 layers: the 6 inner xylem elements and the outer elements (Fig. 1) . The outer callus contained more 7 tanniferous cells than the inner callus, which was similar to intact tissues. The boundary 8 between the 2 different calluses was lined by depressed cells with definite nuclei. The 9 exposed xylem of the girdle area did not form a callus, but a few layers became necrotic. After 10 healing of the wound, the inner callus differentiated into mature xylem and the outer callus, 11 into mature phloem (Fig. 3) . Finally, the outermost callus tissues differentiated into the 12 phellem, phellogen, phelloderm, and cortex. However, the newly formed callus and exposed (Fig. 4B) . Moreover, the vascular cambium became inwardly necrotic. Therefore, the 20 results of scoring were almost similar to those of 2-mm wide girdling. At 10 DAT, the 1 periderm began to swell due to callus growth, resulting in the division of dedifferentiated 2 phloem parenchyma cells (Fig. 4C and D) . The callus bridge formed partially within 20 DAT 3 and completely within 25 DAT. At 30 DAT, the callus differentiated into the vascular bundle 4 (Fig. 5) .
The patterns of the healing process following single and double scoring were almost 6 similar. Callus formation was always more extensive in the upper cut than in the lower cut of 7 the wound; however, the formation of a callus bridge was not always more rapid in the upper 8 cut as compared to in the lower cut of the wound. Immediately after strangulation, the bark was partially cut by the wire. At 1 WAT, the bark 12 was depressed by the wire and became necrotic accompanied by growth of the branch (Fig.   13 6A). The bark above the wire was warped. At 4 WAT, callus formed under the warped bark 14 (Fig. 6B) . Thereafter, the callus continued to enlarge and spread almost over the wire between 15 10 and 12 WAT, which was until when the wire remained. After removing the wire at 8 WAT, 16 the callus enlarged further, bridging the gap caused by the wire (Figs. 6D and 8) . A callus 17 bridge was formed 6 weeks after the removal of the wire. The callus hump was more 18 prominent following strangulation than girdling.
19
At the time of removal of the wire, the callus tissue pad was distinguished into 2 layers, 20 and the inner callus had already differentiated into mature xylem tissue (Figs. 6C and 7) . At 6 1 weeks after removing the wire, callus differentiated into mature vascular bundles, before the 2 complete healing of the wound. At 10 weeks after removing the wire, callus tissues 3 differentiated into the phellem, phellogen, phelloderm, and cortex (Figs. 9 and 10 ).
4
At 3 years after strangulation, although the scar persisted at the inner side of the 5 strangulated branch, growth was almost similar to that of the intact tissue. The healing response of the wound caused by these surgical treatments was observed in 
20
The formation of necrotic layers at the girdle interface was the first wound response. The 1 necrotic layers, which are formed as a general response to any injury, act as a temporary 2 simple barrier against foreign enemies and prevent the outflow of water (Ogata, 2005) . In this 3 study, symptoms of necrosis first appeared at 3 DAT, and a few layers of the phloem 4 parenchyma cells, cambium, and exposed xylem became necrotic.
5
The parenchyma cells of only the functioning phloem dedifferentiated; thereafter, callus 6 was formed. Proliferation of callus cells was observed within 14 and 10 DAT with girdling 7 and scoring, respectively. Sidlowski et al. (1971) reported that the cells were occasionally 8 observed to proliferate slightly from the exposed xylem. However, no response was observed 9 from the exposed xylem without necrosis.
10
Thereafter, in the cases of girdling and scoring, the callus spread downward from the 11 upper cut and upward from the lower cut of the wound. In the case of strangulation, the callus 12 spread to the outer side, covering the wire. After removing the wire, newly formed callus Therefore, the callus had already differentiated into the inner xylem elements and outer 4 phloem elements. The cambium was the boundary between the 2 different calluses.
5
The upper and lower callus pads met and merged immediately. We suppose that the outer 6 callus differentiates into phloem immediately after the merging of the callus pads, which The bulge caused by strangulation was the largest. However, the bulge relatively reduced in 6 size every year and was almost flattened 3 years after strangulation. Although the scar 7 persisted on the inner side of the strangulated branches, the branches had not snapped.
8
On the other hand, Hasegawa and Nakajima (1992) demonstrated that strapping (i.e. The inner callus began to differentiate into mature xylem (xy') with ray tissue. The callus pad 
